This investigation related arterial structure to myogenic (pressure-dependent) contractile responses in resistance arteries from spontaneously hypertensive rats (SHRs) and Wistar-Kyoto (WKY) normotensive control rats under pressurized conditions in vitro. Femoral and mesenteric resistance arteries from either strain were cannulated and pressurized in an arteriograph for the determination of pressure-diameter relationships under passive and active conditions in the range 5-200 mmHg transmural pressure. Arterial geometrical measurements were made under relaxed conditions at 100 mmHg. Media thickness/lumen diameter (M/L) ratios were significantly increased in SHR femoral (5.00p0.44 % compared with 3.63p0.34 % ; P 0.05) and mesenteric (4.40p0.29 % compared with 2.62p0.23 % ; P 0.001) arteries compared with those from WKY rats. Maximum myogenic contractions, assessed as minimum normalized diameters, were not significantly different in SHR and WKY rat femoral (0.41p0.03 and 0.40p0.02 respectively) or mesenteric (0.56p0.02 and 0.63p0.03 respectively) arteries. Arterial mechanical analyses demonstrated that incremental elastic modulus is reduced in SHR mesenteric arteries, but is not significantly different in SHR femoral arteries, compared with those from WKY rats. Additionally, wall stress at estimated in vivo pressures under passive and active conditions are similar in SHR and WKY rat arteries. These data demonstrate that increased M/L ratios in resistance arteries from SHRs are not associated with increased maximum pressure-dependent contractile responses. Increased M/L ratios in resistance arteries from SHRs are not accounted for by increased vessel wall stiffness, but the hypertension-associated arterial geometrical abnormalities act to normalize wall stress in the face of increased arterial pressure.
INTRODUCTION
Regulation of local blood flow and capillary pressure are mediated by the resistance vasculature. Given the fourthpower relationship of diameter to resistance, as described by the Poiseuille equation, then it is apparent that modulation of the lumen diameter of the resistance arteries is of critical functional significance. Established hypertension in humans and in spontaneously hypertensive rats (SHRs) is associated with an increased peripheral resistance [1] , and narrowing of resistance artery lumen diameters is a prime candidate mechanism.
Under relaxed conditions, resistance arteries from hypertensive vascular beds are associated with narrowed lumen diameters, which may occur as a result of wall hypertrophy, remodelling or a combination of the two mechanisms [2] . Abnormal elastic properties of the vascular wall may also contribute to narrower lumens [3] . However, arterial lumen diameters are determined by the tone of the medial smooth muscle, in addition to the structural and passive mechanical properties of the vascular wall. In this regard the transmural pressure influences lumen diameter by passive distension of the wall components and additionally by activation of the contractile response to pressure (myogenic tone) of the smooth muscle component.
Previous studies have demonstrated an enhanced myogenic responsiveness in adult SHR skeletal muscle arteries [4, 5] . In mesenteric arteries myogenic tone generation is normal, except at pressures beyond the physiological range [6] . However, these studies [4] [5] [6] did not measure the thickness of the arterial media layer and relate it to the pressure-induced contractile response, but it is this layer that is responsible for vasoconstriction and is typically thicker in SHR arteries, as indicated by increased media thickness\lumen diameter (M\L) ratios [2] . Such arterial structural abnormalities have been considered to be of prime importance in the maintenance of hypertension [2] . The present study was therefore designed to investigate for the first time the relationship between resistance artery myogenic responsiveness and M\L ratios in systemic resistance arteries in the SHR model of hypertension. The methodological approach also permitted an analysis of the mechanical properties of resistance arteries under passive and active pressurized conditions in vitro.
This work was presented in part at the 5th Annual Meeting of the European Council for Blood Pressure and Cardiovascular Research, held at Noordwijkerhout, The Netherlands, in October 2000, and subsequently published in abstract form [6a] .
METHODS

Animals
Male SHRs and Wistar-Kyoto (WKY) rats were obtained from Harlan UK, (Bicester, U.K.) at 14-18 weeks of age, and were maintained on standard rat chow and free access to tap water. All procedures were performed in accordance with Institutional Guidelines and the Cruelty to Animals Act (1876).
Determination of arterial blood pressure
The rats used for in vitro experiments were not subject to blood pressure measurement, but were drawn from a supply in which hypertension was confirmed in SHRs. The confirmation was made by determination of conscious arterial blood pressure in unrestrained animals approx. 24 h after femoral artery cannulation, as described in detail previously [7] . Arterial cannulae were placed in the femoral artery or advanced further into the abdominal aorta.
Arterial preparation
Rats were killed by a stunning blow to the head, followed rapidly by cervical dislocation. When mesenteric arteries were required, approx. 8 cm of the proximal small intestine was removed and placed in ice-cold physiological saline solution (PSS) of the following composition (mmol\l) : NaCl 119, KCl 4.7, NaHCO The mesenteric arteries used were fifthorder branches that contacted the jejunal wall. The femoral arterial branches used were taken from the caudal femoral artery of the left or right hindlimb, and were thus fourth-order branches of the femoral artery. Arterial segments were transferred to the bath of a Living Systems Arteriograph (Living Systems Instrumentation, Burlington, VT, U.S.A.), containing PSS. The proximal arterial end was slipped over the end of the proximal glass micropipette and secured using a nylon strand. Any remaining blood was gently flushed out and the distal arterial end was then slipped over the end of the distal glass micropipette and secured also with a nylon strand. Dissections and arterial mounting procedures were performed using a binocular microscope at i25 magnification. The arterial segments were then set to 80 mmHg transmural pressure under no-flow conditions and superfused with recirculating PSS warmed to 37 mC and gassed with 5 % CO # in air, resulting in a pH value of 7.4. Any segment that developed leaks was discarded and a replacement segment was used. Leaks were detected by a fall in pressure after the pressure servo control was switched to the manual mode. Arterial internal diameter and wall thickness were measured with a Video Dimension Analyzer (Living Systems Instrumentation). Transmural pressure and internal arterial diameter were recorded continuously on a two-channel chart recorder. Each rat provided one femoral artery and\or one mesenteric artery.
Determination of pressure-diameter relationships
Arteries were permitted to generate stable myogenic tone at 80 mmHg. The pressure was then reduced to 5 mmHg and the diameter again allowed to stabilize. Stable diameters were also recorded as the pressure was increased to 10, 15 and 20 mmHg and at pressures in the range 40-200 mmHg in increments of 20 mmHg. The artery was then returned to 80 mmHg transmural press-Spontaneously hypertensive rat arterial properties ure and relaxed by replacing the PSS by a calcium-free PSS, the composition of which was similar to that of PSS except for the omission of CaCl # and the addition of 2 mmol\l EGTA. The pressure step series was then repeated after 30 min, and stable diameters were determined at each pressure. When the artery was at 100 mmHg, the thicknesses of the wall and media layers and the lumen diameter were measured at four optically clean sites using a calibrated micrometer eyepiece at a total magnification of i200. Measurements were used to derive a single mean value for each artery.
Calculations and statistical analysis
Mean arterial pressure (MAP) was estimated as diastolic pressure plus one-third of the pulse pressure. Estimated in vivo pressures for the femoral and mesenteric arteries of the calibre used in this study were taken as 75 % femoral artery MAP [8] and 63 % abdominal aortic MAP [9] respectively. Cross-sectional area (CSA) was calculated from the equation CSA l π(r# o kr# i ), where r i is the radius of the lumen and r o is either the external radius of the wall (for calculation of wall cross-sectional area) or the external radius of the media layer (for calculation of media cross-sectional area), and is calculated as the sum Table 2 Arterial structure MCSA, media cross-sectional area ; WCSA, wall cross-sectional area. Significance of differences : *P 0.05, **P 0.01, ***P 0.001 for SHRs compared with control WKY rats. Minimum normalized diameters were taken as maximum pressure-induced contractile responses because they indicate the greatest fractional closure of the lumen regardless of the pressure at which the contraction occurs. Myogenic index (MI) is defined as the change in diameter with a step change in pressure, and is therefore the slope of the active pressure-diameter relationship. MI was calculated as previously described [6, 10] ; thus MI l 100i(∆D\D)\∆P, where D is diameter and P is pressure. A negative value indicates lumenal reduction in response to an increase in pressure. Peak MI was taken as the largest negative value determined for each artery. An arterial mechanical analysis was performed utilizing the lumen diameters and wall thicknesses determined in relaxed arteries in Ca# + -free PSS. Wall tension (T ) at each pressure was calculated from the relationship between pressure (P) and radius (r), as described by the Laplace equation : T l Pir. Wall stress (S) was calculated as S l T\WT, where WT is wall thickness. Strain was calculated as δD\D ! , where D ! is the diameter at 5 mmHg and δD is the increase in diameter from D ! . Incremental elastic modulus (Inc EM ) is the slope of the stress-strain relationship. Regression analysis demonstrated a strong linear relationship between the natural logarithm of wall stress and strain (r# 0.92 for all arteries). Thus Inc EM l δstress\ δstrain l βstress, where β is the slope of the log e stress-strain relationship. Wall stress was also determined at each pressure under active conditions. Body weight, blood pressure and vascular structural measurements were compared using Student's unpaired t-test. Relationships of pressure to diameter, stress and MI were compared using repeated-measures ANOVA, and where this indicated differences the parameters at each pressure were compared by the Holm-SB ida! k step-down procedure for multiple comparisons [11] . Comparisons were considered statistically significantly different at P 0.05. Data are expressed as meanspS.E.M.
RESULTS
Successful arterial reactivity experiments were performed on arteries from 17 SHRs and 13 WKY rats.
Blood pressure and body weight
Body weight and blood pressure values are presented in Table 1 . Femoral and aortic MAP measurements were similar, and were combined for statistical purposes. SHRs were significantly hypertensive compared with WKY rats.
Arterial structure
Arterial structure, assessed in terms of arterial geometry, is presented in Table 2 . SHR femoral and mesenteric arteries were characterized by increased M\L and wall thickness\lumen diameter (W\L) ratios, but medial and wall hypertrophy was only apparent in mesenteric arteries.
Pressure-diameter relationships : femoral arteries
SHR femoral artery passive diameters were significantly narrower than those of WKY rat arteries (P 0.001) (Figure 1 ). Active pressure-diameter relationships were not significantly different (Figure 1) . However, four of the seven WKY femoral arteries dilated at the highest pressures, resulting in narrower SHR artery diameters at 200 mmHg (P 0.05 ; Student's t-test). Normalized diameters were not significantly different (Figure 2 ), but the strainipressure interaction term of repeatedmeasures ANOVA indicated that the changes in normalized diameter with pressure differed significantly (P 0.05), as indicated by the dilation of WKY arteries at the highest pressures. Minimum normalized diameters were not significantly different between arteries from SHRs and WKY rats (Table 3) .
Pressure-diameter relationships : mesenteric arteries
Mesenteric passive lumen diameters did not differ significantly (Figure 1 ), but active pressure-diameter relationships (P 0.01) (Figure 1 ) and pressure-normalized diameter relationships (P 0.05) (Figure 2 ) of mesenteric arteries from SHRs and WKY rats were significantly different. All WKY arteries dilated at the highest pressures. Again, minimum normalized diameters were not significantly different between arteries from SHRs and WKY rats (Table 3) .
Myogenic index
The MI-pressure relationships were significantly different between SHR and WKY preparations for both femoral and mesenteric arteries (P 0.05) (Figure 3) . In both cases, WKY arteries exhibited negative MI values at lower pressures than SHR arteries, indicating that Spontaneously hypertensive rat arterial properties lumenal reduction in response to increased pressure occurs at lower pressures in arteries from normotensive rats. Peak MI was significantly smaller in SHR mesenteric arteries, while the greater value in SHR femoral arteries was of borderline statistical significance (Table 3) . Neither peak MI nor minimum normalized diameter was 
Arterial mechanics
Under passive conditions, arteries from WKY rats were subject to increased wall stress across the stress-pressure relationships (Figure 4 ). Inc EM was lower in arteries from SHRs ( Figure 5 ), but the decrease was significant only for the mesenteric arteries. Slopes of Inc EM -stress relationships were 3.76p0.23 and 4.68p0.45 (not significant) for SHR and WKY femoral arteries respectively. For mesenteric arteries the corresponding values were 3.50p0.11 and 4.46p0.21 respectively (P 0.01). Under active conditions, femoral and mesenteric arteries from SHRs were subject to reduced wall stress ( Figure 6 ). However, predicted wall stress under passive or active conditions at estimated in vivo pressures were similar for the arteries from SHRs and WKY rats (Figures 4 and 6 ). Estimated MAPs for SHR and WKY femoral arteries were 124p4 mmHg (n l 11) and 85p1 mmHg (n l 11) respectively (P 0.001), and the corresponding values for mesenteric arteries were 105p3 mmHg (n l 7) and 74p1 mmHg (n l 5) respectively (P 0.001). Spontaneously hypertensive rat arterial properties Lower panel : stress in mesenteric arteries from WKY rats is significantly greater than that in arteries from SHRs (P 0.01 ; repeated-measures ANOVA).
DISCUSSION
The myogenic response contributes substantially to the autoregulation of blood flow and to the maintenance of blood pressure by contributing to the vascular resistance upon which vasoactive stimuli act. The present study is the first to relate M\L ratios to myogenic responses, and the utilization of two different systemic vascular beds permitted a broader consideration of this structurefunction relationship. The data derived from these experiments demonstrate that the myogenic properties of femoral and mesenteric resistance arteries are largely similar in adult SHRs and normotensive WKY rats when hypertension is established in the SHRs. Active diameters are similar across a pressure range that includes physiological pressures. An increased M\L ratio does not provide a mechanical means for increased maximum pressure-induced contractile responses, but is associated with a rightward shift in the myogenic activation range in arteries from SHRs. The observations of similar active diameters in SHR and WKY arteries and a rightward shift in the MI-pressure relationship of mesenteric arteries from SHRs confirm those of a previous study [6] . The present study has extended those observations by determining that similar active diameters are achieved in SHR arteries, in spite of significantly increased M\L ratios. In the previous study [6] it was noted that W\L ratios were increased in the SHR arteries, which suggested that such structural differences did not increase the pressuredependent contractile response. Similarly, contractile responses to agonists in vitro are not enhanced in pressurized resistance arteries from SHRs with increased W\L ratios [7, 12] . However, it is the medial component of the vascular wall that effects contractile responses, and an increased wall thickness or W\L ratio is not necessarily indicative of corresponding changes in medial architecture. The present study considered the structurefunction relationship further, and demonstrates that increased M\L ratios do not effect enhanced contractile responses to pressure in resistance arteries from SHRs, as is the case for agonist-mediated contractions [7] . In the consideration of why increased contractility was not apparent, given the increased M\L and W\L ratios in the SHR arteries, it is pertinent to consider that vascular contraction associated with lumenal narrowing reduces total wall stress, and it is postulated that this in turn reduces subsequent tone-generating capacity [13] . Any mechanical advantage afforded by a thicker medial layer would therefore be diminished. Studies of pressure-diameter relationships in skeletal muscle arteries do not provide consistent conclusions. Gracilis muscle arterioles from SHRs have been characterized by narrower active and passive lumen diameters at 80 mmHg compared with those from WKY rats, but normalized diameters were similar [14] , implying normal myogenic activation. The active diameters of cremasteric arteries from adult SHRs and WKY rats [4] were not significantly different between strains across much of the pressure range investigated, except at the highest pressures, when those from WKY rats were forcedistended, in a similar fashion to the present study. In that study [4] there were no arterial structural differences in terms of wall thickness, lumen diameter or W\L ratio. However, the slope of the active pressure-diameter relationship was steeper in SHR arteries, indicative of enhanced myogenic responsiveness that was not structural in origin. An increased myogenic tone in isolated cremasteric arterioles of SHRs in comparison with those of WKY rats is mediated in part by endothelium-derived prostaglandin H # [5, 15] , and endothelin also contributes to enhanced myogenic tone in these vessels [5, 16] . The present study did not address the endothelial contribution to arterial diameter, but investigated the arterial structure-myogenic contraction relationship in intact arteries, which is of greater physiological significance. In consideration of physiological relevance, it is also to be emphasized that the present study has examined myogenic properties in a simple in vitro condition in the absence of lumenal flow, pulsatile pressure and neurohumoral influences, and it is possible that modulation of myogenic activity by these influences may be different in vivo in hypertension.
The determination of pressure-diameter relationships permitted an analysis of the passive mechanical properties of the arterial walls, and was of interest because narrowed lumen diameters at transmural pressures greater than zero can be achieved by means of increased stiffness of the vascular wall. In order to compare the elastic properties of arteries from SHRs and WKY rats, it is necessary to consider the Inc EM -stress relationship, which addresses the elastic properties of the wall in a geometrically independent fashion. This is necessary because the geometric changes of narrowed lumen diameter and increased wall thickness both reduce wall stress at a given transmural pressure. SHR arteries exhibited a reduced Inc EM at any stress, although only in the mesenteric arteries was the difference statistically significant. Therefore narrower arteries in SHRs was not a consequence of stiffer vascular walls. Similar observations in mesenteric arteries have been reported previously, and it was proposed that the decrease in Inc EM would buffer the effects of increased arterial pressure in the SHR [17] .
Arterial structural changes in hypertension can be accounted for by a remodelling process, defined as a rearrangement of wall material around a changed lumen diameter [2, 18, 19] ; however, before remodelling can be considered as a potential mechanism for increased W\L or M\L ratios, differences in wall elasticity must be excluded [2, 3, 20] . Accordingly, no form of remodelling described previously [20] can be ascribed to the mesenteric arteries utilized in the present study. It is, however, possible to ascribe a hypotrophic inward remodelling process [20] to the structural differences in the SHR femoral arteries. This process is in contrast with the hypertrophic inward remodelling that can be ascribed to larger branches of the SHR femoral artery with normal elastic properties [21] .
There is remarkably little consistency in the literature regarding the elastic nature of arterial walls in hypertension, rendering it impossible to draw a general conclusion concerning the association or otherwise between arterial mechanical changes and raised blood pressure. For example, in the SHR, differences in elasticity can occur in different branches of the cerebral vascular bed [3] . In the coronary vasculature, SHR coronary arteries have stiffer walls compared with those of WKY rats [22] . Subcutaneous resistance arteries of patients with essential hypertension have been shown to have increased [23] or normal [24] elasticity compared with those of normotensive controls. One-kidney, one-clip hypertension in pigs is associated with a normal elastic modulus-stress relationship in the small coronary arteries [25] .
In terms of arterial mechanics, all wall tunics contribute to the wall stress operating at any given pressure. Under active and passive conditions, SHR arteries were subject to a normal or reduced wall stress for a given pressure, but predicted wall stresses at estimated in vivo pressures are similar in SHRs and WKY rats under both passive and active conditions. These observations provide evidence to support the hypothesis that the increased W\L ratio provides a means for normalization of wall stress in the face of increased perfusion pressure in a hypertensive animal, and may not be a mechanism that initiates or maintains hypertension by means of a structurally based mechanical advantage that effects enhanced arterial lumen narrowing for a given contractile stimulus.
In summary, the present study has demonstrated that the increased M\L ratio in femoral and mesenteric resistance arteries from SHRs does not lead to an increase in the maximum contractile response to transmural pressure. The data also suggest that increased W\L ratios in SHR resistance arteries may function to normalize wall stress in the face of increased operating pressures in vivo.
